THIS REPORT HAS BEEN DELIMITED
AND CLEARED FOR PUBLIC RELEASE
UNDER DoD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APFROVED FOR PUBL'C RELEASE;
DISTRIBUTION UNLIMITED,



UNCLASSIFIED

D45 45171

DEFFHSE DOCUMENTATION CENTER

O
SOl ITeFIC AND TEUHNICAL INFORMATION

C. MERON STATION ALEXANDRIA, VIRGINIA

UNCLASSIFIED




ROTICE: Wwhen govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Covernment thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formilated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any

patented invention that may in any way be related
thereto.



8%

ATI~TR~-64-80

- THEORETICAL AND EXPERIMENTAL STUDY OF

- DETONATION WAVE REINFORCEMENT AND SHAPING TECHNIQUES
o0 <::;

o2

5

o O

—J <

=

< )

o <<

December

-~ B

454511

Directorate of Armament Development
Det 4, Research and Technology Division
Air Force Systems Command
Eglin Air Force Base, Florida




Qualified requesters may obtain copies from DDC. Orders will be expedited
if placed through the librarian or other person designated to request docu-
ments from DDC.

when US Government drawings, specifications, or other data are used for

any purpose other than a definitely related government procurement opera-
tion, the government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or other data is
not to be regarded by implication or otherwise, as in any manner licensing
the holder or any other person or corporation, or conveying any rights ot
permission to manufacture, use, or sell any patented invention that may in
any way be related thereto.

Do not return this copy. Retain or destroy,



pnaroy n

S

e, o,

THEORETICAL AND EXPERIMENTAL STUDY OF
DETONATION WAVE REINFORCEMENT AND SHAPING TECHNIQUES




ittty &
TiRERE

REISN 20 4

FOREWORD

This theoretical investigation of shaped charge design was con-
ducted under Air Force Contract No. AF 08(635)-3624 between 1 May
1963 and 31 August 1964 by Hayes International Corporation, Birming-
ham, Alabama. The report details the development of a shaped charge

design, its manufacture, and initial tests at Eglin Air Force Base,
Florida.
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SUMMARY

A study has been performed to determine the design criteria for
a shaped charge and the associated liner geometry, employing wave
shaping techniques. Heretofore, shaped charge jets have been cha-
racterized by a velocity gradient along the jet. The objective of this
study was to design a shaped charge which would produce a jet
characterized by a uniform velocity. Such a jet would be projected
downrange essentially as a single particle rather than a spray of
fine particles, Parametric equations for a wave shaping lens were
solved by an internallv-programmed digital computer. The proposed
shaped charge design, featuring a cylindrical, metallic liner and a
wave shaping lens of Polypropylene plastic, was fabricated and test
firings were accomplished.



1. INTRODUCTION

In the years since World War Il a considerable amount of work
has been devoted to studies of high speed jet formation, colligsion
of jets, ard hypervelocity particle projection. This work has been
stimulated in recent years by the need to simulate meteoric impacts,
which can affect the performance of ballistic missiles, satellites,
and other space vehicles. The velocities of meteors vary from
11. 2 km/sec to 72 km/sec. The highest velocity for discreet par-
ticles reported in the literature of terminal ballistics is about
10 km/sec, However, scientists at Ballistics Research Laboratory
have developed a type of shaped charge theoretically capable of
accelerating a beryllium pellet to a speed of 21 km/sec. Although
such a velocity would represent a considerable improvement over
the highest reported velocity, it would still be well below the maxi-
mum velocity attributed to meteors, Accordingly, this study was
undertaken to review the work done in the field of hypervelocity
projection and to derive a practical design for a shaped charge
capable of projecting a suitable mass at as high a velocity as possible.

The establishment of this design has encompassed studies of
liner geometry and jet formation, detonation wave reinforcement,
wave shaping techniques, shock wave propagation, and detonation
characteristics of secondary high explosives.

The book, Explosion Physics, by Baum, Stanyukovich, and Shekh-
ter! was found to give the most valuable information on which to base
an analysis. The more important chapters treat "Elementary Shock
Wave Theory', "Theory of Detonation Waves'", and "Cumulation";
the last chapter includes discussions of (a) the active part of a shaped
charge, (b) the theory of converging jets, (c) cumulation theory in
the presence of a metallic liner, (d) motion of a cumulative jet, and
(e) super-speed cumulation.

Shaped charges manufactured in accordance with the results of
this study have been test-fired at Eglin Air Force Base, Florida.



1I. THEORETICAL DEVELOPMENT OF SHAPED CHARGE
PROJECTOR EXPOSITION OF BAUM'S SHAPED
CHARGE PROJECTOR

The pertinent portions of Baum's book were thoroughly reviewed,
and the derivations of those equations relating to shaped charges were
verified. The significant feature of Baum's treatment of shaped
charges is the geometry of the lens. He uses a massive lens to chan-
nel the detonation wave around the end of a cylindrical liner and to
introduce the wave from the side (See Fig. 1). The detonation wave,
turned by the lens, propagates from y, to x,, with the wave front
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Figure 1. Baum's Shaped Charge.

making an angle P relative to the liner. The angle B increases as the
wave front moves along the length of the liner. The pressure P,
exerted on an element of liner decreases with increasing P according
to the equation

po=Pi[l+H coszp], (1)



whe re F, is the unconfined explosion pressure.

Assuming that an element of liner moves normally to the charge
axis=, the differential equation describing its motion is

~N

P
Ty (2)

Al e
-

65 being the liner density and N, the liner thickness. Substituting for
the pressure P the expression

3
P=p(——t°'t‘) , (3)
o t-tl

de r ived from thermodynamic considerations, with t; and t; denoting
tirmes required for the detonation wave to propagate from yp to x, and
to the boundary of the active charge respectively, and integrating

Eq. 2 yields the "slam'" velocity (the velocity at which the liner element
app roaches the charge axis),

Po 1 1
Wo=zesx“°'t‘)3[(to-tx)z Tt ? ] (4)

The basic equation of cumulation relates the slam velocity to the
jJet welocity W;:

tan — (5)

where ais the angle formed by the intersection of the envelope of the
collapsing liner at some time t and the charge axis (see Fig. 2).

Substituting Eq. 1 into Eq. 4 reveals that the slam velocity will
de c rease with increasing f, as will the jet velocity in turn, Further-
mo re, the jet velocity, from Eq. 5, will decrease with increasing a
as point x, moves toward the end of the liner. The result of this
dewvelopment.is that W; is nonuniform, having its maximum value deep
within the liner cavity, For completeness, it should be pointed out
tha t the mass of an element of jet m; is related to a by the expression

4



.2 Q
m; = mg 8in® v ,
where m, is the mass of an element of liner, so that for a jet of

specific mass, ¢ has a lower bound., Furthermore, Eq. 5 is found

experimentally to break down at very small a, again placing a lower
bound on a.

ENVELOPE OF COLLAPSING LINES

CHARGE AXIS

Figure 2. Collapse of Liner.

INCORPORATION OF WAVE SHAPING LENS IN
SHAPED CHARGE PROJECTOR

The design goal of this study was a shaped charge characterized
by a constant velocity jet with a total jet mass of one gram. The con-
stant velocity characteristic should keep the jet concentrated and
prevent breakup. To achieve this characteristic the detonation wave
must impinge on the liner almost simultaneously along its length, the
actual value of P being determined by the desired value of a(Sac
the critical angle for jet formation). Introducing a wave shaping lens
of the proper geometry and material can effect just such a refraction
as may be dictated (see Fig., 3). The treatment for this case is essen-_
tially Baum's, although modified to take into consideration the wave
shaping lens,
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Figure 3. Shaped Charge with Wave Shaping Lens.

The massive lens serves to channel the detonation wave away
from the end of the liner and to prevent a shock wave from reaching
the liner before the detonation wave can collapse the liner and form
the jet. The detonation wave, turned by the massive lens as before,
propagates from yg to x5 in a time t, given by

x°z + YQZ

D ’ (6)

to=

D being the detonation wave velocity in the explosive, and impinges
on the lens at an angle PB. Assuming that the shock wave induced in
the lens material travels across the lens by the shortest geometrical
distance (i.e., along the perpendicular to the inner surface which
passes through x,) and that the inner surface is described by h = h(x),
the distance traveled S, is

S; =h (—‘-i—h-) + 1 (7)



where the derivative 25_ is the slope of the tangent to the inner sur-
face at x. The shock velocity through the lens material is not constant,
so the elapsed time for the shock to traverse the lens and detonate the
inner charge must be determined experimentally, This elapsed time

is dependent on the explosive-material combination, the angle f at
which the detonation wave strikes the material, the detonation shock
strength, the variation in the induced shock with variable f , and the
thickness of the material.

EXPERIMENTAL STUDIES OF LENS DELAY TIME

A geries of experiments was undertaken at Eglin Air Force Base
in October 1963 to choose the optimum lens material and to measure
the total elapsed time for shock propagation through the material as
a function of material thickness., Figure 4 shows schematically the
experimental arrangement. The explosive used was pressed tetryl
pellets, 4 inch by ¥ inch, having a density of about 1.5 gm/cm?.

INITIATOR
% r ~1—SECOND CHARGE
FIRST CHARGE

\——LENS MATERIAL

Figure 4. Experimental Arrangement for Measuring
Elapsed Time.

Lens materials tested were Lexan and Polypropylene. A B&W 189
framing camera was used to photograph the progression of the detona-
tion wave through the tetryl pellets and to measure the total delay time
for shock propagation through the test material and initiation of detona-
tion in the second charge. The camera was operated as close to

2.4 x 10° frames per second as possible, with a corresponding inter-
frame time of .42 microsecond., Data was reduced at Hayes by em-
ploying optical scaling factors and the interframe time.



Stimulation of detonation in the second charge is accomplished by
the shock wave which passes through the inert lens material, The
initial parameters of the shock wave in the lens are determined by
the characteristics of the first charge and of the mediurn. The shock
wave weakens as it propagates through the inert material, gradually
approaching the sonic velocity, The shock wave may or may not
stimulate detonation in the second charge. Whether or not detonation
occurs depends on the strength of the shock wave at the site of en-
counter with the second charge. When detonation does occur, a cer-
tain delay time is experienced before a detonation wave is established
in the second charge. This delay time for the deflagration-to~detona-
tion transition depends on the detonation characteristics of the charge
and the strength of the stimulating shock. For the present analysis
the lens delay time was assumed to be inversely proportional to the
shock strength.

The experiments resulted in the selection of Polypropylene and
verified that detonation does not occur when the thickness exceeds
some critical value. A graph of elapsed time vs. material thickness,
along with a plot of the variation of average velocity with thickness,
is shown in Fig. 5. The elapsed time vs. material thickness data
were fitted empirically to a quadratic equation (Eq. 8),

t, = 2.283 5,2 +0.9252 Sy + 0.2714, (8)

where the numerical coefficients have suitable dimensions. The
velocity curve was taken from the reciprocal of dty/ds:

v = [4.566 5, + 0.9252]" .
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Figure 5. Transmission Times and Velocity Curve
Through Polypropylene.

DEVELOPMENT OF PARAMETRIC EQUATIONS
FOR SHAPED CHARGE PROJECTOR

The interface pressure P, varies with P, the angle at which the
detonation wave strikes the lens, according to

P0=Pi[l+-§;- cos? [3], (9)

LENS TRANSMISSION TIME (u sec)



where B, is the unconfined explosion pressure. From Fig. 3, the

term cos? P can be written y.© /(X + yoz ). Substituting this ex-
pression in Eq. 9, we have

2 2
po - Pi 64 yO + 27 xo
27 (x2 + yo2)

which can be written as

P, = $ -E- P; (10)
where

27 2 2
¢, = 1T xo + Yo and ¢, =x0Z +yoz

Baum states that the interface pressure for normal reflection is rela-
ted to the explosion pressure by

P, = % P; (11)
and the explosion pressure is given by
p, &= (12)

p. being the density of the charge.

Comparing Eq. 11 with Eq. 10, we see that the ratio ¢, /¢; is
the compensating term for variation of interface pressure with the
angle of obliquity. Since Eq. 8 was determined for the case of normal
shock incidence on the lens material, it must be modified to include

the dependence on P . This dependence is incorporated through the
inverse ratio ¢;/¢, as

t; =$—L 2.283 542 +.9152 S, +.2714. (13)
2
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From thermodynamic considerations, the pressure on an element
of liner can be written as

S 3
P= #r P, (-Ti——ﬁ') ’ (14)

where S, is the thickness of the charge between the lens and the liner
(a quantity varying with x) and T, is a temporal parameter commenc-
ing when the detonation wave crosses the boundary between the active
and passive charges. If this boundary is assumed to lie halfway be-
tween the inner surface of the lens and the liner, if the time for wave
propagation to the liner is called ts, and if the time to the active-
passive boundary is called t, , then the following relations can be
established;

s
Dit; - t,) = 5*

(15)
T, =(t-tz).
Substituting Eqs, 15 and 11 into Eq., 14 yields
3
- Lot (16)
P =P, ( t - tz) ’

which is the same relation given as Eq, 3. The time variables t; and
t, are given by

\/-
t3. = ‘LI)I + t] + '1")'; ’ and (17)
Sz

tz:tg"ZD .

At the time t;, when the detonation wave reaches the liner ele-
ment, the element of liner commences to move toward the charge
axis, so that the law of motion of an element is determined by the
expression,

2

: = PA

m

Qja.

11



where y is measured from an axis coinciding with an exterior element
of the liner, and A is the area of the element of liner. If A\ is the
thickness and p the density of the liner, then

d? P
-_*dt "o (18)

Integrating Eq. 18 with respect to time yields the velocity W at which
the element of liner approaches the charge axis:

___PJ;___ _ 3 1 _ 1
Wosgox -2V HETgy w-npr

By using the relationships expressed in Eqs. 11, 12, and 15 and by
making the following substitutions

T3 =t -t and T, =t-t;

s

the expression for the slam velocity W, can be simplified to

PeS2® [ 4pa 1
Vo 73D |57 T | (19)

An expression for the displacement of the liner element is obtained by
integrating Eq. 1Y with respect to time:

4 pC Sz D T}z
27p \ T, ) (20)

A little manipulation of these expressions is necessary to obtain
a manageable equation describing the proper lens shape for a given
set of conditions imposed on the shaped charge.

There occurs in Eq. 5 the term tan % . For small «a,

a
tan v = % tan a.

12



According to Fig., 2, « is the angle between the charge axis and the
tangent to the envelope of the collapsing liner at the axis, hence the
tangent of a is equal to the derivative of y with respect to x at some
instant in time. Differentiating Eq. 20 with respect to x gives

(c_iy_ _ 40¢ DS, Tyd5, ,Tid _,dh
dx/. " 27 o ( S, dx T, dx dx | °

Substituting this expression and Eq. 19 into Eq. 5 gives the following
expression for W, in terms of the parameters of the shaped charge:

4D? 1
s (& -l
_ 2 1s; T;?

2
2D T, | Ty dS; + T, dt; Z%
T, S, dx T, dx dx

(21)

From Fig. 6, it is evident that some point x; the sum of the thick-
ness of the inner charge S, and the thickness of the lens h is a

constant.
so
B .—’—f—OUTER CHARGE
(Xg,0)

h ——LENS SECTION

x,h)

o—— INNER CHARGE

——LINER SECTION

N

- - CHARGE AXIS —»X

Figure 6. Details of Liner Collapse.
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Hence, their derivatives are related by

dh _ _ds,
dx dx °

Utilizing this relationship and the derivatives with respect to x of
Eqs. 17, Eq. 21 can be written as

st |3 - ‘

W, = :
2D T ¥o  dxg dt (11 1 T, T,|dn
e 2T, 2T, o, m,.2r,)%0 5 o7}l e Ta(dh
T, {‘T’ 2T 0p%, ax T -2Tehg I3 2T 5+~ ax

DEVELOPMENT OF AUTOMATED
COMPUTATIONAL TECHNIQUES

The development of a digital computer progégm for determining
the proper lens s&?pe requires an equation in g WhiChd‘iman be solved
numericallx for gx . In addition to the explicit term in gy , Eq. 22
contains 98 implicitly in the terms xo, dxo/dx, dt;/dx, and N &;.
Substitutions for the first three quantities must be made before solving

Eq. 22 for the lens shape parameter % « These substitutions are:

xo-x+h(%x13-

dx d?h (dhz
—_— —_
= - 1thgxr

dty _¢; ds d
<YH . . 1) 2 4
ax = b [4 566 s,+.9152] i +[2. 283 5,% +.9152 s,+.2714] .%:__)

In the third substitution,

iL xoz + Yoz
b E x0 tyo

2 2
é, _h ea( dih ea)
dx S dxl+hdx +dx

14



d e 37x0 vy dx,
dx T 32¢, ¢ dx °
Equation 22 can now be written as a power series in 37 as follows:
dny dh\? (dh)
— — 4 — D= Ov
A(dx +B (dx) +C dx + (23)

where the coefficients are

$; .
h[ NS F 2L 02 (K, 50+ Ky 5y +Ko)+%1:h(2Ksz+K:)

A =hp 32 ¥
B = z+37 (KS + K;S +K)]
—xD ¢l 32Y0 2 V1 19 (o]
2
C - (1+hd—§')[g et 2 v (K St 4K )+“—’131+zxzsl+xu]

T, - 4T, 4’22) T T, [eR?
T, - 2T, \2D T, - 2T, |S,

s
; e (53
= x(1+h:—}r‘)[D ot 57 o’(Kzs,’+K,s,+Ko)] 28, fr, '(ZDJ__

32 Wy T3(Ts - 2T;)

E}}:e factors 1)‘32 and ¢; ¢; also can be expressed as power series in
follows:
I 2° :

) o < i) -

where the subscripts i, j can be equal ($,% ) or different (¢, ¢, ) and
the coefficients are functions of the numerical ratio a(= H), h, x,
and yo. Substituting these expressions into the coefficients of Eq. 23
and collecting terms gives a power series equation which can be solved
numerically for . The solution is determined by the Newton-Raph-
son method in which an approximation to the root is substituted into

the equation, and an increment is calculated which improves the
approximation.* This iterative process is continued until the root

is approximated as closely as desired., The lens thickness h ata
point for which g% has been determined can be calculated by

* If f(x) = O is the equation and £ (x) = O is the derivative, and if

x, is an approximate solution, then an improved value of the root

x=x°+Ax;Ax=-?f}£9-L .

(xo0)

is given by

15



substituting into the equation,
dh
hJ = hl +Ax a‘; ,
where i and j refer to two consecutive points of calculation and Ax
is the axial separation between points i and j. Other quantities
such as the slam velocity can be calculated by substituting into the
appropriate equations.

LIMITATIONS ON DESIGN

It was pointed out early in this report that Eq. 5 has been found
experimentally to break down at small values of the collapse angle «a.
Walsh, et al.have shown that, given a slam velocity Wy , @ must equal
or exceed some critical angle o, in order for a jet to be formed. A
graph of o, vs. slam velocity is8 shown in Fig. 7.

¢ 30 /
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Figuare 7. Critical Collapse Angle for Aluminum,

The details of the curve are dependent on the material parameters of
the liner as well as the dynamics of the collapsing process.
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1I. DISCUSSION OF THEORETICAL DEVELOPMENT

ASSUMPTIONS INCORPORATED INTO DEVELOPMENT

During the course of developing the parametric equations for the
wave shaping lens, it became evident that many pertinent points in
the theory were uncertain or even unknown, In order to complete
the development, it was necessary to make certain assumptions. In
this section the assumptions that were incorporated into the develop-
ment will be discussed, with attention to the consequences and the
need for validation or correction of the assumptions.

When the booster detonates the charge behind the massive lens
(see Fig, 3), the detonation wave propagates around the lens, but it
also sets up a shock wave in the lens. The question must arise
whether or not the shock in the lens might cause premature detonation
of the forward charge. The assumption made is that detonation will
not occur. This assumption is in keeping with the experiments per-
formed at Eglin in October 1963 which demonstrated that inert mate-~
rial exceeding a certain thickness attenuates a shock sufficiently to
prevent detonation.

At the point y, the detonation wave propagates into the region of
the forward charge. The first assumption made is that the wave prop-
agates with constant velocity and radially to the outer surface of the
wave shaping lens, The assumption of a constant velocity, dependent
only on the properties of the explosive, is valid for ideal detonation.
For nonideal detonation the velocity of propagation depends on the
physical state of the explosive, primarily its density and particle size,
the minimum charge thickness, and the degree of confinement. In-
sufficient charge thickness can reduce ideal detonation to nonideal
detonation or even prevent detonation altogether. Precautions were
taken in designing the shaped charge to make the charge thickness at
least 1 cm at all points. The second assumption made is that the
explosive selected, Composition B, detonates ideally under the exist-
ing conditions. This assumption appears to have been validated by
the results of the initial test firings of the shaped charge.

At the interface between the explosive and the wave shaping lens
the detonation wave induces a shock in the lens. According to Baum
the interface pressure is given by Eqs. 9 and 12, The first assump-
tion made at this point in the development is that the strength of the
induced shock is proportional to the interface pressure. The second

17



is that the induced shock travels across the lens along the shortest
geometrical path passing through the point of initiation, i.e., along
the perpendicular to the inner surface of the lens. This is a very
serious assumption, and its validity, even approximately, is by no
means obvious. If the shock propagated through the lens with a con-
stant speed and if a Huygens' construction could be applied, such an
assumption would be valid; but a shock does not propagate with a con-
stant speed, and the af>licability of a Huygens' construction is uncer-
tain. Despite the extensive studies into the behavior of shock waves
in gaseous media, the theory of shock behavior in condensed media

is much less well established. The absence of such a theory necessi-
tated assumptions on shock behavior, and the assumptions made
presented fewer mathematical complications, Furthermore, the
refractive behavior here attributed to shock propagation is consistent
with other forms of wave motion at interfaces, but much fundamental
work is needed in this area.

At the inner surface of the wave shaping lens the shock wave stim-
ulates detonation in the inner charge. The detonation, however, is
not established at the interface but at some distance into the charge,
this ""skip' distance depending on the strength of the shock and the
properties of the explosive. The assumptions made at this point were
that the ""skip'’ distance is negligible and that the detonation of a dif-
ferential volume of charge proceeds only along the normal to the
charge axis. The former assumption was made in the absence of a
satisfactory theory capable of specifying the "skip' distance and its
associated time delay. The latter assumption was chosen because
of the cylindrical symmetry of the charge and the greater mathemat-
ical tractability afforded by the assumption,

Finally, there arises the question of demarcation between the
passive and active charges. When a column of explosive detonates
half of the explosion products move toward each end of the column.
When the column is confined, half of the products act on each con-
fining surface. If the column is confiried at one end by the lens and
at the other by the lincr, presumably half of the explosion products
act on each surface, and the separation between passive and active
charges falls across the middle of the column., Considering all the
differential columns of charge leads one to draw the passive-active
boundary midway between the lens and the liner, This was the argu-
ment followed in establishing the lens design, but the argument fails
to consider the effect of the outer charge on the wave shaping lens.

If the lens is either more or less effective as a confining surface than
the liner, the separation may be shifted. The thickness of the active
charge is critical, entering a number of equations in the development,
some to the second or third power.

18



1V, FABRICATION AND TESTING OF

SHAPED CHARGE

The shaped charge projectors furnished on this contract were
manufactured jointly by Hayes International Corporation and A. Lavine
& Co., Palos Verdes Estates, California. The lenses and liners
were made by Hayes, while the explosive was cast by A, Lavine & Co.

The wave shaping lens, made from polypropylene plastic, was
machined from five-inch diameter rod stock. The liner was made
from aluminum tubing 1 4 inches in diameter and . 049 inch thick.
The lenses and liners were then shipped to Lavine for the casting
of the explosive in accordance with Hayes drawings. (See Figure 8).

The casting of the explosive was accomplished in two steps. The
first step consisted of casting the detonating charge of Composition B
around the lens. This was accomplished by using a three-piece ex-
ternal tooling device consisting of the external cone, the main barrel,
and a short riser, The lens itself was used as the internal tool.

The lens was positioned inside the external tooling and held in place
by means of a guide pin. The explosive melt was then poured between
the lens and the tooling, both of which had been heated to the tempera-
ture of the melt, The whole system was then slowly cooled to ambient
temperature.

The second step consisted of casting the active charge, Composi-
tion B, and the booster, 50% PETN and 50% TNT, around the liner.
A five-piece tooling device consisting of a base plate, a tapered
cylinder for the active charge, a contoured cylinder for the booster
charge, a cap for the liner, and a centering pin was used. The liner
served as the internal tooling for the active charge casting. The
active charge was cast using the base plate, tapered cylinder, liner
cap, pin, and liner. When the active charge had frozen to the liner
but was still hot, the tapered cylinder was replaced by the contoured
cylinder, and the booster charge was cast.

These two parts were then x-rayed to ascertain that no inclusions
or foreign matter existed in the charges. Those that passed the ex-
amination were cemented together and x-rayed again in three planes
for final quality acceptance. After final acceptance the charges were
shipped to Eglin Air Force Base for test firing,
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The first charges were test fired in Eglin's shaped charge range.
The altitude chamber was evacuated to the equivalence of 200,000 feet
and the blast chamber, to 60,000 feet. The test setup consisted of
positioning the charge behind the blast shield, with a foil switch
located in the altitude chamber 18 feet from the charge. Six channels
of x~-ray shadowgraph were used. The channels were triggered simul-
taneously in order to cover a velocity range from 40,000 to 80,000
feet/second.

The report from the detonation was a sharp crack as opposed to
the usual boom. No particles of significant mass were detected by
the x-ray plates, but the foil switch indicated that something, proba-
bly a shock wave, moved downrange at a velocity of 225,000 feet/
second.

A second series of test firings consisted of three shots., The
altitude chamber was evacuated to about 190,000 feet, but the blast
chamber was not evacuated. Six channels of x-ray shadowgraph were
triggered in parts to cover a velocity range from 40,000 to 60,000
feet/second.

I

VIEW PORT
MIRRORj
CHARGE
Figure 9. Schematic View of MIRROR

Testing Arrangement.
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The report from these shots lacked the sharp crack of the previous
firings, producing instead a boom that could be felt in the floor. The
first shot was fired to determine whether or not a jet was formed.
After firing, the target, although slightly buckled, revealed that a jet
had not been formed. For the second firing a + inch steel ball was
positioned on the axis at the midpoint of the liner. The charge pro-
jected large fragments of the ball downrange with velocities of the
order of 48,000 feet/second. A group of smaller particles was
generated with velocities between 50,000 and 60,000 feet/second.

The third shot of the series was photographed by means of a Kerr

cell camera. Six photographs of the exploding charge were taken at
intervals of 4 microseconds. The physical arrangement is shown in
Fig. 9. Five of the six photographs are shown in sequence in Fig, 10.
(The second photograph was faulty). The most striking feature of the
sequence is that the entire face of the charge is intact after 24 micro-
seconds, although the back portion of the charge appears to have been
blown away by 20 microseconds after initiation.

22



(1)

(3)

Figure 10. Sequence of Photographs from Kerr Cell Camera.
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V. CONCLUSIONS

The failure of this particular shaped charge design to form a jet
could be attributed to one or more of several possible causes:
(1) the detonation-induced shock in the massive lens may destroy
the liner before the shaped detonation wave reaches it; (2) the detona-
tion wave may destroy the wave shaping lens prematurely; (3) the
detonation wave may be too strong and vaporize the aluminum liner
before the jet can be formed; or (4) the detonation wave is approach-
ing the liner at too shallow an angle and thereby preventing the forma-
tion of a jet. The solution to the problem lies in further research,
either in refinement of shock theory or trial lens shapes and liner
geometries. The test shots, however, produced an extremely fast
shock front downrange and demonstrated that particles suspended in
the cavity could be accelerated to significant velocities.
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